While the wood Caesalpinia echinata (pernambuco wood) is traditionally used in the manufacture of bows for string instruments, wood of other genera such as Handroanthus (syn. Tabebuia) and Manilkara are also used in bow making, but still on a very small scale. This study aims to evaluate the anatomical, chemical, physical, mechanical, and acoustic characteristics of these two latter woods, establishing their potential for bow making. Length, frequency of vessel elements and rays, and the higher percentage of fibers influence the density, modulus of elasticity, modulus of rupture, and the speed of sound propagation, whereas the content of lignin influence the sticks' stiffness. It appears that Handroanthus bows can provide quality equivalent to that of pernambuco wood. Despite its appropriate heartwood color and texture, Manilkara provides bows of inferior quality.
INTRODUCTION
Since the 18 th century, pernambuco wood (Caesalpinia echinata Lam.) has been used worldwide in the manufacture of bows for string instruments. François Tourte (1747-1835), a famous French bow maker, established this wood as the best for bow manufacture, because of its unique characteristics of resonance, density, durability and beauty, among many other favorable features (Alves et al. 2008a) . However, as stated by the IBAMA (Brazilian Environment Institute) resolution #37-N, from April 1992, the species is endangered (Rocha & Simabukuro 2008; Gasson et al. 2009 ), restricting its legal commercial use after the year 2007.
Therefore, studies on alternative wood species or other materials for substituting pernambuco wood in the manufacturing of bows became necessary. Some alternative woods have also been tested. Matsunaga et al. (1996) evaluated the physical and mechanical properties of Caesalpinia echinata and other species. They concluded that, among the woods tested, Dialium spp. and Eucalyptus pilularis showed promising results. Angyalossy et al. (2005) compared the anatomical features of pernambuco wood with the characteristics of eight other Brazilian species that have been used by a national bow maker. The authors concluded that the bow quality is directly related to the dimensions, distribution and proportion of the wood cells. Alves et al. (2008b) established some anatomical features and physical, mechanical and acoustic properties for pernambuco wood that allow the manufacture of high-quality bows and must be considered in the selection of samples of this species as well as other substitute woods.
Considering the wide diversity of Brazilian wood species (Brunelli et al. 1997) , it is expected that, at least some of them, could provide raw material of good quality. Therefore, the successful use of other woods in the manufacturing of bows depends on the recognition of their structural, chemical, physical, mechanical and acoustic characteristics. It also depends on the interest of the bow maker in producing test-bows, and of the musicians being confident in using these bows. Actually, the use of other woods would contribute to the conservation of pernambuco trees, and also expand the bow market by allowing the use of new colors and non-explored textures.
Some alternative woods have been empirically tested in Brazil in the production of modern bows, such as ipê -Handroanthus spp. and maçaranduba -Manilkara spp. (Alves et al. 2008a) . Many species of the genus Handroanthus (Bignoniaceae) have a heavy wood, extremely hard and very resistant to rot (Rizzini 1986 ). Popularly, some Handroanthus species are known as pau-d'arco, which translates to "wood arch" in English (Paula & Alves 2007) . They have been used by the Indians in the production of arches for hunting, because of their elasticity and resistance. The woods of the genus Manilkara (Sapotaceae) are very heavy, with pinky-red heartwood and are employed in house construction and manufacture of furniture and floorboards (Mainieri & Chimelo 1989) .
The aim of this study was to analyze the structure and the physical, mechanical, chemical, and acoustic properties of Handroanthus spp. and Manilkara spp. woods, establishing their potential in bow manufacturing.
MATERIAL AND METHODS

sample selection
Sticks (740 × 15 × 15 mm) were obtained from planks of ipê (Handroanthus spp.) and maçaranduba (Manilkara spp.), bought at the local market and compared with samples of the Forestry Institute xylarium (SPSFw).
From these samples, three sticks of each species were selected, taking into account the highest values of density, speed of sound propagation and modulus of dynamic elasticity determined by non-destructive tests. These are desirable features for the woods used in bow manufacturing, as established by Alves et al. (2008b) .
The density was calculated by the ratio between the stick mass and its volume; the speed of sound propagation was determined by the Lucchi Tester (Lucchi 1986), as described in Alves et al. (2008b) . Considering the values of density and sound speed propagation, it was possible to obtain the dynamic modulus of elasticity (E d ) of the wood using the equation:
anatomical analysis
Blocks of 1.5 cm³ were cut from the ends of the sticks. The blocks were softened in boiling water and glycerin (4 : 1), and 15-20 µm thick sections were prepared on a sliding microtome. The transverse and longitudinal sections were bleached with sodium hypochlorite (60%), washed in water, stained with astrablue and safranin (1%, 9 : 1) (Johansen 1940) and mounted in Permount®.
Macerations were prepared using the modified Franklin's method (Berlyn & Miksche 1976) , stained with alcoholic safranin and mounted in a solution of water and glycerin (1 : 1).
On the transverse section the proportions of the cell elements were established, measuring 60 successive areas using a 25-point grid. The terminology followed the IAWA List (IAWA Committee 1989). We considered a sample size of 30 as adequate.
All measures were performed on a microscope equipped with image capturing and with a semi-automatic measurement system (Olympus BX 50 with an image analyzer software, Image-Pro Expression 4.0).
The statistical analyses were performed employing the SigmaStat 3.5 software for Windows (SPSS Incorporation). Considering the sample size and distribution, we used the nonparametric Mann-Whitney test (Rank Sum Test).
Physical, mechanical and acoustic properties
To validate the results of the non-destructive tests and to obtain other information about physical, mechanical and acoustic properties of the studied woods, destructive tests were performed, according to the Brazilian standards of material characterization (Brazilian norm NBR 7190/97 -Wood Structure Project of ABNT -Brazilian Association of Technical Norms). A Universal Test Machine (Instron) was used to determine the static modulus of elasticity, the modulus of rupture and the speed of sound propagation.
Modulus of elasticity
Where: E (modulus of elasticity), F LP (force up to the proportional limit); L (stick support span); b (stick width); h (stick height); δ LP (deflection at the proportional limit).
Modulus of rupture
Where: σ r (modulus of rupture), F r (rupture force), L (stick support span), b (stick width), h (stick height).
After rupture, blocks of 2.5 cm³ were cut from the ends and the central regions of the sticks. These samples were used to obtain the wood density. The mass of each block
was determined in an analytical scale, followed by immersion in a beaker containing mercury to determine the displaced volume. The stick´s density corresponded to the average of three sampled regions.
Where: ρ 12 (weight density at 12%), ρ n (weight density at n%), M n (weight of specimen at moisture content of n%), M 0 (weight of specimen at moisture content of 0%), n (moisture content).
The speed of sound propagation (v) was obtained with the values of the density and the modulus of elasticity, since these characteristics are correlated (Bucur 1995; Yojo, 2004) , according to the formula:
Where: E = modulus of elasticity and ρ = density.
Lignin and extractive content analysis
Klason lignin and extractive content were determined from fragments of the samples used in the destructive tests. For determination of the Klason lignin content we followed the method described by Hatfield et al. (1994) . Samples with 2 g of powder were submitted to several organic solvents (as chloroform and acetone), acid and alcoholic solutions. The material was washed and centrifuged and the pellet was quantified with the use of an analytical scale. The values were expressed as percentage. To analyze the extractive content we used the method described by Matsunaga et al. (1996) : samples with 3 g of powder were deposited on soxhlet extractors, using water or ethanol/benzene as solvent. The residue was dried in a stove and the mass was determined, corresponding to the extractive content.
RESULTS
Wood anatomy
A bigger diameter and length of vessel elements were observed in samples of Manilkara, but the highest vessel frequency occurred in Handroanthus samples (Fig. 1, 2 , 5 & 7). The height and frequency of the rays were also greater in samples of Manilkara, while the width did not statistically differ between the two woods ( Fig. 3 & 4) . When compared with Handroanthus, Manilkara samples have longer and thicker-walled fibers, as well as higher fiber diameter, with no differences in fiber lumen diameter ( Fig. 6 & 8 ; Table 1 ).
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Higher volume of axial parenchyma and rays were found in the samples of Manilkara and higher percentage of vessels and fibers were found in the Handroanthus samples (Table 2) . 
Physical, mechanical and acoustic properties
Except for density, which was higher in Manilkara, Handroanthus had the highest values of all the analyzed properties: static and dynamic modulus of elasticity, speed of sound propagation, and modulus of rupture (Table 3) .
Lignin and extractive contents
The samples of Handroanthus had a higher percentage of Klason lignin, while Manilkara showed higher quantities of hydrosoluble and ethanol/benzene soluble extractives (Table 4) . -------------------------------------------------------------- 
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DISCUSSION
According to Woodhouse (1993a, b) the factors that influence the playability of a bow are related to its shape, equilibrium point, and wood properties, especially the density, the stiffness and vibration decay. et al. (2008b) . Class A = high quality sticks for bows. et al. (2008b) . Class A = high quality sticks for bows.
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By experience, bow makers know that harder samples have a higher potential to furnish good quality bows (Alves et al. 2008a) . Sticks of high density and stiffness allow for the manufacture of thinner bows, also employing less material. These bows have ideal stability and weight, which confer them optimal playability (Alves et al. 2008b ).
Wegst (2006) established that woods for high quality bows have a density around 1000 kg m -3 . Alves et al. (2008b) showed that pernambuco wood bows of high quality had densities between 1000 to 1040 kg m -3 , when calculated by mass /volume ratio, and 1004 to 1019 kg m -3 , when determined according to the technical norm NBR 7190/97.
Handroanthus sticks evaluated in this study had adequate densities, while Manilkara sticks showed higher than the ideal density values proposed by Alves et al. (2008b) . Considering that bows for violins have a pre-determined weight, between 60 and 64 g (Alves et al. 2008a) , the use of more dense sticks implies they should be thinner in order to do not surpass the allowed weight, which leads to a loss of stability. Therefore, high density does not guarantee high quality of the stick, since it may not be homogeneously distributed.
The ratio of different cell types, their dimensions, the thickness of the cell wall, and the presence of contents can be responsible for the wide variation observed in the wood properties (Panshin & de Zeeuw 1964; Kollmann & Côté Jr. 1968; Walker et al. 1993) . High densities have been related to low frequency of vessels (Basson 1987; Rao et al. 1997; Green et al. 1999) , higher percentage of longer fibers and thicker walls (Basson 1987; Downes et al. 1997 ) and rays of smaller dimensions and lower frequency (Fujiwara et al. 1991) . The highest density of Manilkara sticks results from the lower frequency of vessels and fibers with thicker walls when compared to Handroanthus sticks.
Despite its importance, the density is not the only parameter determining the quality of the sticks. Another key property is the modulus of elasticity (Lucchi 1986; Follmann 1995) , which indicates the stiffness of the material. Sticks with low stiffness and consequently higher flexibility cause problems with the tension of the horsehair bow, affecting their dynamics and playability (Wegst 2006) . On the other hand, sticks with high stiffness allow a better use of the energy imposed by the musician, allowing less physical effort.
Handroanthus sticks had a higher modulus of elasticity, which indicates that they are stiffer than the Manilkara sticks. These results are at least in part determined by the higher percentage of fibers and higher lignin content detected in Handroanthus sticks. Lignin is a polymer that confers higher stiffness and resistance to cell wall degradation, influencing the dynamic properties of the wood (Obataya et al.1998; Carpita & McCann 2000; Jordão & Andrade 2000; Bergander & Salmén 2002) . The elastic modulus of Handroanthus sticks was similar to Caesalpinia echinata sticks, previously established by Alves et al. (2008b) , and traditionally considered the best wood for bows manufacturing.
When compared with Manilkara, Handroanthus sticks are more homogeneous, and have lower and less frequent rays and a lower proportion of axial parenchyma. On the other hand, Manilkara sticks have higher stiffness because of higher density of rays and fibers with thicker walls, and also taller rays. These are the characteristics limit-ing the bow quality, probably related to the non-uniformity of this wood regarding the distribution of density and stiffness.
The speed of sound propagation has been shown to be of great importance for sticks (Alves et al. 2008a) . Some authors observed higher speed of sound propagation in woods with longer fibers, bearing thicker walls and higher density (Bucur 1988; Feeney et al. 1998; Bucur et al., 2002; Oliveira & Sales 2006) . Higher densities with lower values of speed of sound propagation were also described (Lucchi 1986; Calegari et al. 2007) . On the other hand, Wegst (2006) reported high speeds in both woods with high density such as Caesalpinia echinata and Manilkara sp. and in woods with low density such as Pinus sylvestris and Ochroma sp. Brancheriau et al. (2006a Brancheriau et al. ( , 2006b , studying woods for xylophones, mention that the short, homogeneous rays with low frequency, paratracheal axial parenchyma and storied structure provide material with optimal acoustic quality for the manufacturing of this instrument.
Manilkara had apotracheal axial parenchyma, when compared to the paratracheal axial parenchyma of Handroanthus spp. and Caesalpinia echinata. Handroanthus showed higher speed of sound propagation than Manilkara sticks. Besides the lower density, this wood also had lower ray height and frequency, a higher percentage of fibers, higher lignin content and higher stiffness. Carrasco and Azevedo Júnior (2003) mention that the speed of sound propagation is more correlated to stiffness than to density, which was confirmed by the results obtained in this study.
Another important feature is the modulus of rupture. The bow can break accidentally in a fall or as a result of internal cracks, originated from repetitive efforts of tension. The resistance to rupture was higher in the Handroanthus sticks, even though the values were lower than those found by Alves et al. (2008b) for pernambuco wood. It is possible that the higher percentage of fibers in the Handroanthus sticks, compared to Manilkara sticks, contributes to the increased resistance of such sticks. Alves et al. (2008b) found a higher percentage of fibers in sticks of C. echinata with better quality, reinforcing the relationship between resistance quality and percentage of fibers.
According to Matsunaga et al. (1996) , the extractive contents in C. echinata wood also interfere in the quality of the bow. Minato et al. (1997) , Sakai et al. (1999) , and Matsunaga et al. (2000) observed that the impregnation of extractives obtained from this wood diminished the vibration decay in other wood species. A stick with high modulus of elasticity and low vibration decay, vibrates less when the horsehair bow are frictioned on the violin chords (Matsunaga et al. 1996) . Alves et al. (2008b) studied C. echinata sticks of different quality and did not find any correlation between the extractive content and the quality of the sticks, since all of the sticks of low quality also had a high extractive contents.
In this study, Manilkara had the higher extractive contents. However, when compared to Handroanthus, this species was less adequate for the production of bows. In agreement with the previous reports, no relationship was observed between the extractives of Manilkara and Handroanthus and the quality of the sticks.
Handroanthus bows have been bought and used by professional musicians, including soloists from important Brazilian orchestras. It is important to mention that at the time of purchase of bows, these musicians had the opportunity to choose Caesalpinia echinata bows, but they declined in favor of Handroanthus bows. However, Manilkara bows were not chosen by the professional musicians, possibly because of the higher density and lower stability of the bows. CONCLUSION We conclude that the Handroanthus sticks have similar or superior physical, mechanical and acoustic properties when compared to Caesalpinia echinata wood. Besides, Handroanthus samples showed a homogeneous anatomical structure that favorably influences the stick quality. Restrictive use of Handroanthus is related to the color and texture instead of to the physical, mechanical and acoustic properties. Handroanthus wood has yellow tones, contrasting to the traditional red color of C. echinata wood.
The sticks of Manilkara have an inferior quality compared to those of Handroanthus, but might have some potential for bow manufacturing for beginner musicians. Manilkara bows are an option because of the suitable texture, color and final bow appearance for this market segment.
